Abstract Plant cell cultures provide a renewable source for synthesis and supply of commercially valuable plant-derived products, particularly for secondary metabolites. However, instability in product yields over multiple passages has hampered the efficient and sustainable use of this technology. Paclitaxel accumulation in Taxus cell suspension culture was quantified over multiple passages and correlated to mean aggregate size, extracellular sugar level, ploidy, and cell cycle distribution. Paclitaxel levels varied approximately 6.9-fold over the 6-month timeframe investigated. Of all of the parameters examined, only mean aggregate size correlated with paclitaxel accumulation, where a significant negative correlation (r = -0.75, p \ 0.01) was observed. These results demonstrate the relevance of measuring, and potentially controlling, aggregate size during long term culture passages, particularly for plant suspensions where industrially relevant secondary metabolites are not pigmented to enable rapid culture selection.
Introduction
In spite of the demonstrated effectiveness and past successes of plant-based natural products, particularly as chemotherapeutics (Cragg et al. 2009 ), pharmaceutical companies have had a declining interest in screening for natural products over the past couple of decades (McChesney et al. 2007; Harvey 2008) . One of the primary reasons for this decline is the issue of drug product supply, including the economic considerations pertaining to commercialization of a particular supply route. Plant suspension cell culture technology has proven successful for the synthesis of natural products in a controlled environment, with several products supplied commercially at a large scale (Eibl and Eibl 2002; Kolewe et al. 2008) . Nevertheless, the use of plant cell suspension culture technology has been hampered by the periodic fluctuations in metabolite levels, often observed in suspension cultures over multiple passages (Roberts 2007; Lee et al. 2010) . Inconsistent cell culture product titers and flask to flask variations over passages can complicate the development of an economically viable cell culture bioprocess. Freezing and regenerating high-producing plant cell lines using cryopreservation techniques can alleviate such issues created during culture passage, and this approach has been successfully demonstrated for several plant species (Reinhoud et al. 1995; Ishikawa et al. 2006 ). However, cryopreservation of plant cells is not a widely established technique, because cryopreservation protocols and parameters such as pretreatment/preculture, freezing and post-thaw/ regeneration have to be adapted and optimized for each plant species and cell line (Mustafa et al. 2011) . Even if an optimized cryopreservation protocol exists for a species, post-thaw viability, growth and performance, and the issue of preserved cell lines differing from original ones hinder application of such methods (Boisson et al. 2012; Zeliang et al. 2010 ). Elicitation using abiotic or biotic compounds, such as jasmonic acid, is often used to enhance accumulation of secondary metabolites in suspension cultures (Gundlach et al. 1992; Suzuki et al. 2005; Pauwels et al. 2008; Krzyzanowska et al. 2012) . Though elicitation increases culture metabolite yields, fluctuations in metabolite levels of Taxus cultures over multiple passages post-elicitation are observed (Kim et al. 2004 ).
Several studies in a variety of plant cell culture systems have reported fluctuations in secondary metabolite levels over culture passages (Callebaut et al. 1997; Qu et al. 2005; Hirasuna et al. 1991; Morris et al. 1989; Deusneumann and Zenk 1984) . Genetic and epigenetic instabilities have generally been suggested as the primary causes for such variability (Qu et al. 2005; Zhao and Verpoorte 2007) . Several other hypotheses have emerged to explain the observed variability including, development of heterogeneous populations in cell culture, amongst which only certain productive cells accumulate secondary metabolites (Hall and Yeoman 1986) , changes in inter-and intracellular communication amongst cells (Hall and Yeoman 1987) , and the influence of environmental factors (e.g., light, temperature, pH) or process parameters (e.g., oxygen levels, agitation) (Yeoman and Yeoman 1996; Saito and Mizukami 2002) . Variability in secondary metabolite yield may also be created by inadequate control of factors such as initial cell density and time of inoculation during routine culture passage (Morris et al. 1989; Kolewe et al. 2008) . Understanding the factors that influence fluctuations in secondary metabolite levels can aid in the design of improved bioprocessing strategies.
The tendency of plant cells to remain connected via cell walls and form aggregates has a considerable effect on bioprocess performance, including growth and metabolite levels (Patil et al. 2012; Capataz-Tafur et al. 2011) . Taxus cell suspension cultures, which produce the valuable secondary metabolite paclitaxel, consist of aggregates ranging from 100 lm to over 2,000 lm (Fig. 1) . Recent studies from our laboratory indicate that the degree of cellular aggregation in Taxus cultures affects the level of paclitaxel accumulation (Kolewe et al. 2011) . These results demonstrated the relationship between aggregate size and paclitaxel accumulation within individual experiments (Kolewe et al. 2011 , Patil et al. 2012 ), but did not address long-term culture passage. Because plant cell cultures are typically maintained by nonselective culture passage over extended periods of time, an explicit relationship between aggregation patterns and corresponding secondary metabolite levels over multiple passages is important and can be used to suggest strategies for superior culture performance.
Inconsistencies during the culture passage procedure can cause changes in growth rate or affect the lag period such that cells in the next passage may be different metabolically with respect to both growth and metabolite production (Morris et al. 1989) . Monitoring cell cycle distribution provides a useful means to understand the cell division potential of the cultures (Yanpaisan et al. 1999) . Cultures with a high percentage of G2 phase cells have higher frequency of cell division. Secondary metabolite synthesis is often associated with differentiation of plant cells, which occurs after arrest of cells at the G1 or G2 phase (Bergounioux et al. 1992) . Thus, monitoring cell cycle distributions over time can provide information on differentiation characteristics of the cultures. Instability of nuclear DNA content, which is often observed in terms of induced polyploidy or aneuploidy, is frequently observed in plant cell suspensions (Baebler et al. 2005; Creemers-Molenaar et al. 1992) . Variable ploidy levels have also been shown to affect secondary metabolite production in seedlings of Hypericum perforatum (Kosuth et al. 2003) , hairy root cultures of Artemisia annua (De Jesus-Gonzalez and Weathers 2003) and Hyoscyamus muticus (Dehghan et al. 2012) . Studies on genomic stability of Taxus cell cultures immediately following culture initiation (2-year timeframe) have been reported (Baebler et al. 2005 ) and indicate heterogeneity in genomic stability amongst cell lines; however, paclitaxel levels have not been correlated to nuclear DNA content or ploidy levels in well-established Taxus suspension cultures.
Here, the variation in aggregate size, extracellular sugar concentration, ploidy, and proportion of cells in particular phases of the cell cycle were quantified and correlated with paclitaxel accumulation over multiple passages (6 months). Factors such as media composition, inoculation density, day of culture passage and cultivation temperature, which are known to influence secondary metabolite levels (Zhong et al. 1995; Qu et al. 2006) , were kept constant. Determining factors that correlate with variable paclitaxel yields over long-term passage can lead to the development of new bioprocessing strategies to favorably control paclitaxel accumulation in Taxus suspension cell cultures.
Materials and methods

Cell culture maintenance, elicitation and biomass measurements
Taxus cuspidata cell line P93AF was provided by the U.S. Plant Soil and Nutrition Laboratory in Ithaca, NY, and maintained in our laboratory, as described previously (Naill and Roberts 2004) . Suspensions were maintained in 250 mL Erlenmeyer flasks capped with Bellco (Vineland, NJ) foam closures at 23°C and 125 RPM in gyratory shakers in the dark. For each culture passage, six replicate cultures were generated. Three cultures were sacrificed for analyses and three cultures were passaged to six new flasks for the next cycle. Culture passages were performed by transferring 20 mL of inocula (corresponding to a packed cell volume of 4-5 mL) originating from a 14-day old suspension culture into 80 mL of fresh medium. A Multisizer 3 TM Coulter counter equipped with a 2,000 lm aperture (Beckman Coulter, Brea, CA) was used to measure biomass and culture aggregate size distributions, as described previously . For Coulter counter analysis, 2 9 2 mL samples of well mixed culture broth from each of the three replicate flasks were collected on day 7. Samples for extracellular sucrose and glucose analyses and nuclei isolation were also taken on day 7 (described below). Post-sampling, cultures were treated with 150 lM methyl jasmonate (MeJA), as described previously (Naill and Roberts 2004) . Following MeJA elicitation, 1 mL samples of well mixed culture broth containing both cells and media were taken on day 7 post-elicitation (day 14 in the cell culture passage) with a cut pipette tip and stored at -80°C prior to taxane analysis (described below).
Glucose and sucrose measurements
The levels of extracellular sucrose and glucose were measured in cell culture media samples using a blood glucose analyzer (YSI 2700 Select Biochemistry Analyzer, YSI Life Sciences, Yellow Springs, OH). For analysis, 500 lL of cell culture media was collected on day 7 post-transfer. Briefly, dextrose (D-glucose) diffuses across a membrane (that contains glucose oxidase) in the analyzer. This reaction oxidizes the dextrose to hydrogen peroxide and D-glucono-d-lactone. The hydrogen peroxide is amperometrically detected at a platinum electrode surface. The current produced is directly proportional to the hydrogen peroxide and dextrose concentrations in the sample. Sucrose is indirectly measured through enzymatic hydrolysis.
Isolation of intact nuclei for ploidy and nuclear DNA content analyses
Approximately 3-4 mL of well mixed culture broth (corresponding to 0.5 g wet biomass) was filtered over Miracloth (Calbiochem, CA) and used for isolation of intact nuclei (Gaurav et al. 2010) . Samples were taken after every two passages. Briefly, 1 mL of Galbraith buffer (45 mM MgCl 2 , 30 mM sodium citrate, 20 mM 3-(N-morpholino)-propanesulfonic acid (MOPS), 0.5 % (w/v) Triton X-100, pH 7.0) at 4°C was added to the biomass sample on a petri dish (50 mm 9 12 mm), and the biomass was chopped with a sharp razor approximately 500 times to disrupt cell walls and allow for the release of intact nuclei. An additional 2 mL of Galbraith buffer was added to resuspend the chopped biomass, and this suspension was successively filtered over 80 and 30 lm nylon mesh (SmallParts, Inc., Miramar, FL).
For ploidy and cell cycle analysis, 50 lL of 1 mg/mL RNAse and 50 lL of 1 mg/mL propidium iodide were added to 1 mL of the filtered nuclei solution. Samples were stained for 30-45 min. on ice before flow cytometric analysis (Becton-Dickinson (San Jose, CA) LSRII analytical flow cytometer). Forward scatter and side scatter were collected on a logarithmic scale, and PI fluorescence was collected on a linear scale. A minimum of 5,000 events was collected in the gated region of a forward scatter and side scatter plot corresponding to nuclei. For cell cycle analysis, Watson Pragmatic Model of FlowJo (v7.6) software (Tree Star, Inc.) was applied to the PI histogram to determine the percentage of cells in G0/G1, S and G2 phases. For nuclear DNA content analysis, 1 mL of the filtered nuclei solution was aliquoted and approximately 10,000 chicken erythrocyte nuclei singlets (Biosure, Grass valley, CA) were added as an internal standard. The mixture of Taxus nuclei and chicken nuclei was incubated with 50 lL of 1 mg/mL RNAse and 50 lL of 1 mg/mL PI for 30 min on ice, before flow cytometric analysis, as described above, where forward scatter, side scatter and PI fluorescence were collected on a logarithmic scale.
Taxane analysis
Taxanes were identified and quantified using a Waters Acquity UPLC H-Class system. Separation on UPLC was performed using an Acquity (Waters, Milford, MA) BEH C 18 column (particle size 1.7 lm, 50 mm 9 2.1 mm). Samples were prepared for metabolite analysis, as described elsewhere (Naill and Roberts 2004) . Paclitaxel and baccatin III authentic standards (Sigma-Aldrich, St. Louis, MO) were used to generate standard curves for quantification of metabolite content, and as a reference for comparison of sample peak retention times and characteristic taxane UV absorption spectra.
Results and Discussion
Relationship between paclitaxel levels and mean aggregate size Paclitaxel levels measured in each culture passage (on day 7 post-elicitation with MeJa, day 14 of the cell culture period) varied over the 6-month experimental timeframe, Plant Cell Tiss Organ Cult (2013) 112:303-310 305 showing a 6.9-fold difference between the highest and lowest levels of accumulation (Fig. 2a) . Such batch-tobatch variations can have significant economic implications in large scale fermentation systems. As the mean size of the aggregates was shown to affect the level of paclitaxel accumulated in cultures in distinct experiments (Kolewe et al. 2011 ), we measured the aggregate size distribution during each passage (Fig. 2a) . Similar to paclitaxel levels in the culture, a saw-tooth pattern was observed for mean aggregate size when plotted against time (passage number). Both paclitaxel level and mean aggregate size in the cultures followed a distinct relationship: as the mean aggregate size of the culture decreased, the amount of paclitaxel accumulated in that culture passage increased. A significant negative correlation (r = 0.75, p \ 0.01) was observed between mean aggregate size and paclitaxel accumulation (Fig. 2b) . These results were consistent with previous observations (Kolewe et al. 2011) , where in individual experiments, cultures initiated with smaller aggregate size distributions accumulated higher paclitaxel levels than their larger aggregate counterparts. However, the differences in paclitaxel levels observed in this study were over sequential multiple passages without any manipulation of aggregate sizes prior to inoculation. Interestingly, similar variations in mean aggregate size were observed for cultures that do not accumulate paclitaxel post-elicitation (data not shown), Since plant cell suspension cultures are inherently heterogeneous, it is not surprising that metabolite levels over time are not consistent. It is possible that unconscious selection of aggregates of a particular size class may occur during subculturing (Kinnersley and Dougall 1980) , which in this case could contribute to the observed fluctuations in mean aggregate size, and hence paclitaxel yields. One of the reasons for inconsistent selection of aggregates of a particular size class could be due to the density difference between large and small aggregates present in the culture. Routine transfer of aggregated plant cells is performed by continuous gentle shaking of the parent flask while pipetting a desired volume of culture into fresh media using a wide-mouthed pipet. The tendency of large aggregates to sink faster could cause them to escape the pipette, potentially leading to unintentional exclusion of larger aggregates. In the case of suspension cultures where key secondary metabolites are pigments, the highly pigmented cultures are chosen via simple visualization for passage, which could lead to prolonged higher productivity (Yamada and Hashimoto 1990; Yeoman and Yeoman 1996) . However, in suspension cell systems such as Taxus, secondary metabolites are not fluorescent or colored, preventing screening and selective subculturing via simple visualization. The data presented here suggest that selection of aggregates of a particular size class during subculturing could be a simple method for plant suspension systems such as Taxus to maintain high and stable producing cell lines.
Relationship between sucrose consumption, paclitaxel levels and mean aggregate size There may be differential utilization of sugars from the media amongst culture passages, which could influence growth, aggregate size distribution, and ultimately paclitaxel accumulation. During each passage, the concentration of both glucose and sucrose was measured in the extracellular medium on day 7 post-inoculation. Extracellular sugar concentration ranged from 8.5 to 5.6 g/L on day 7 (initial value on day 0 is 20 g/L) and did not correlate with either paclitaxel level or culture mean aggregate size (data not shown). Thus, by day 7, cells in each passage utilized similar levels of sugar, irrespective of the mean aggregate size of the culture. This result was not completely unexpected as a similar amount of inocula was used to initiate cultures in each passage to avoid the effect of varying inoculation density on metabolite levels (Morris 1986 ). This result also suggests that for the range of aggregate sizes in these Taxus cultures, diffusion limitations for simple sugars are likely not present, as sugar consumption normalized by biomass was found to be independent of aggregate size.
Cell cycle, DNA content and ploidy analyses Flow cytometry offers a rapid and accurate method for determining ploidy content, assessing DNA content and analyzing cell cycle participation. Monitoring the pattern of cell cycle distribution over culture passages provides information on cell division potential and differentiation characteristics at each passage (Neumann et al. 2009; Yanpaisan et al. 1999) . For example, an increased proportion of cells in G0/G1 phase would indicate potential differentiation of cells into organized tissues (Yanpaisan et al. 1999) . To examine the cell cycle activity for Taxus cells during each passage, the proportion of cells in each phase of the cell cycle, G0/G1, S and G2 were determined using flow cytometry. A similar percentage of cells remained in each cell cycle phase on day 7 of each passage (Fig. 3) . Throughout the study, on day 7 of each passage, 72-78 % cells were found in G0/G1-phase, 14-17 % cells in S-phase, and 7-11 % cells in G2-phase. These results suggest that prior to MeJA elicitation, no cell cycle inhibition or arrest occurs with repeated culture passage. Nonetheless, it is important to realize that this analysis was uni-variate, and does not distinguish between non-cycling G0 cells and cycling G1 cells, as both have 2C DNA content. A multi-parametric analysis with a cellular marker such as RNA (Bergounioux et al. 1988) or protein content (Citterio et al. 1992) , or using thymidine analogs such as BrDU (Yanpaisan et al. 1998) or EdU (Kotogany et al. 2010) , must be used to distinguish between cycling and non-cycling cells. Previous data illustrate that a significant portion of Taxus cells (*65 %) reside in G0 phase (Naill and Roberts 2005) .
Nuclear DNA content correlates with ploidy level, and its estimation in relative units can be used to detect changes in ploidy levels amongst passages (Dolezel et al. 2007 ). Using chicken nuclei as a standard (2C DNA content = 2.33 picograms (pg)), the 2C DNA content of the Taxus P93AF cell line measured with flow cytometry was found to be *36 pg (Fig. 4a) . The nuclear DNA content measured on day 7 (mid-exponential phase) did not vary from one passage to another. Previous work has shown heterogeneity in nuclear DNA content amongst cell lines over a two-year timeframe following culture initiation, where some cell lines exhibit stable genome size (four of nine evaluated) and others (five of nine evaluated) show variation. (Baebler et al. 2005) . During each passage, only two peaks were observed, corresponding most likely to 2C and 4C DNA (G1 and G2) content (Fig. 4b) . Thus, no changes in ploidy and nuclear DNA content were detected throughout the 6-month timeframe investigated here, implying orderly progression through mitosis. Changes in ploidy levels are often observed once suspension cultures are established (Maciejewska et al. 1999; CreemersMolenaar et al. 1992) , and in most cases an increased ploidy is seen as the culture ages. Varying the concentration of growth hormones has also been shown to induce changes in culture ploidy levels (Mishiba et al. 2001) . However, the cell line examined here was maintained with the same concentration of growth hormones over time (Gibson et al. 1993) . Constant ploidy levels and nuclear DNA content over the six-month timeframe indicate that ploidy levels in our mature Taxus cultures do not vary on the same time scale as metabolite production patterns, and are most likely not a cause of this relatively short term variability in yield. Other genetic factors such as structural changes in nuclear DNA, gene mutations and translocation of chromosomes to new segments, and/or epigenetic factors such as gene silencing by DNA methylation, may contribute to the observed differences in paclitaxel accumulation amongst passages, and require further study.
Conclusions
Uncertainty in product levels and limited success of plant cell cryopreservation techniques necessitates studies into understanding the reasons for variability in secondary metabolite accumulation in plant suspension cultures. Taxus cell cultures consist of a heterogeneous population of cells, with aggregates of varying sizes present in the culture. Here, we have shown that culture mean aggregate size is an important process parameter that correlates with variable paclitaxel accumulation during long term suspension culture maintenance. Sugar utilization, nuclear DNA content (i.e., ploidy levels) and cell cycle participation did not differ significantly amongst passages. Information regarding aggregation size distributions during a batch culture could be incorporated into kinetic models to more accurately predict culture growth, metabolism and product formation ). This study further emphasizes the importance of rational manipulation of aggregate sizes during routine culture passage for optimization of plant cell culture bioprocesses (Hanagata et al. 1993; Kinnersley and Dougall 1980; Kolewe et al. 2011) . This is particularly relevant in suspension systems where major secondary metabolite products are often not pigmented, and a simple visual selection of high metabolite producing cells is not always possible. 
